In order to estimate the seismic anisotropy of subducted crust, polycrystalline samples of KAlSi 3 O 8 Klingunite (25% of the total subducted transformed sediments), have been synthesized and deformed under the temperature and pressure conditions of the subducted slabs. Transmission electron microscopy (TEM) characterizations of the recovered samples reveal that the microstructures are clearly dominated by [0 0 1] glide involving screw dislocations. For this reason, only {1 0 0} could be identified as glide planes, the question of [0 0 1] slip on {1 1 0} remains open. Few 1/2 1 1 1 dislocations were observed gliding on {1 1 0} planes, which implies that 1/2 1 1 1 {1 1 0} is a harder slip system than those involving [0 0 1] slip. The occurrence of sub-grain boundaries suggests that diffusion and climb might be active under these conditions.
Introduction
The fate of subducted oceanic and continental crust in the mantle is of primary importance for the dynamics of the Earth. It depends largely on the rheological properties of the materials composing the slabs. The high-pressure behaviour of feldspars deserves attention since these minerals are a major component of the continental crust and since they host potassium, an important heat producing radionuclide. At ca. 9 GPa, KAlSi 3 O 8 orthoclase transforms to a tetragonal polymorph with a hollandite structure (hereafter referred to as K-lingunite since the hollandite structured NaAlSi 3 O 8 has been previously named lingunite by Liu and El Goresy (2007) ). The first synthesis and determination of the crystal structure of K-lingunite (I4/m) was conducted by Ringwood et al. (1967) . Yagi et al. (1994) and Urakawa et al. (1994) have further investigated its stability using in situ X-ray diffraction and quench experiments. At higher pressure (ca. 20 GPa), K-lingunite transforms to an unquenchable monoclinic I2/m crystal structure at about 20 GPa (Ferroir et al., 2006) . Natural K-lingunite, has been * Corresponding author. Tel.: +33 0 320 43 49 60; fax: +33 0 320 43 65 91.
E-mail address: alexandre.mussi@univ-lille1.fr (A. Mussi). identified in shock veins of heavily deformed ordinary chondrites (Gillet et al., 2000; Tomioka et al., 2000; Xie et al., 2001) and in the SNC achondrite Zagami (Langenhorst and Poirier, 2000a,b) . Terrestrial silicate hollandite has also been reported in a strongly shocked anorthosite from the central uplift of the Manicouagan impact crater, Canada (Langenhorst & Dressler, 2003) .
Assessment of K-lingunite in subducted slabs requires the knowledge of the equation of state and elastic properties of this phase as a function of pressure. Zhang et al. (1993) have determined the compression behaviour of K-lingunite single crystals from ambient pressure up to 4.5 GPa. These results have been extended to higher pressure (15-27 GPa) by Nishiyama et al. (2005) . More recently, Mookherjee and Steinle-Neumann (2009) have calculated the elastic properties of K-lingunite up to 100 GPa, based on the density functional theory. Todate there is no data of plastic deformation of polycrystals of K-lingunite. However, the single crystal elastic properties cannot be transferred directly to the scale of the polycrystalline aggregate without knowing the crystal preferred orientations (CPOs). Plastic deformation by dislocation glide is one of the most efficient mechanisms to generate strong CPO. In this work, transmission electron microscopy (TEM) characterizations of K-lingunite specimens deformed at high pressure are performed to identify the deformation mechanisms of this phase.
This information is used to model the CPO and the seismic properties of textured K-lingunite aggregates.
Material and experimental procedure
2.1. High-pressure preparation and deformation of the samples K-lingunite was synthesized from a KAlSi 3 O 8 glass in a multianvil press at 17 GPa and at temperatures ranging from 1400 to 1600 • C. After synthesis in quasi-hydrostatic conditions, the highpressure phase was recovered and placed in another high-pressure cell designed to induce deviatoric stresses during the compression (Cordier and Rubie, 2001) , at 1300 • C, with the same pressure. The deformation conditions corresponding to this second run were 17 GPa, 1300 • C for 1 h (sample 3753) and 1 h and a half (sample 2482). In this kind of experiments, large stresses applied during compression are relaxed at high temperature under pressure. After the run, the sample is quenched to ca. 100 • C in a few seconds before the slow release of pressure.
Transmission electron microscopy
Two doubly polished thin foils were obtained from each highpressure cell. They were thinned to electron transparency with a Gatan ® DuoMill TM Model 600 ion milling device and lightly carbon coated. TEM investigations have been performed at a 300 kV accelerating voltage with a Philips ® CM30 microscope. As K-lingunite amorphises extremely rapidly under the electron beam damage, a Gatan ® cold stage (liquid nitrogen temperature), a small condenser aperture (100 m) and a small spot size (300 nm), were used in order to preserve the sample long enough to perform the defects characterization. With such an electron illumination, the incident beam current and the electron flux are respectively 14 nA and 1.2 × 10 8 electron nm −2 s −1 , which can be considered as low dose irradiation conditions.
The precession electron diffraction (PED) procedure was employed to orientate the grains and to select diffraction vectors. As this technique scans the incident beam in association with a transmitted beam de-scan, at a constant angle throughout the optic axis (Vincent and Midgley, 1994) , the spot intensities are reasonably associated with the structure factor and the multiple diffractions are reduced. Indeed, from Morniroli and Ji (2009) , the forbidden spots by screw axis and glide plane become very weak for low precession angles and disappear when precession angles reach 3 • as in our case. Precession patterns are acquired with the "Spinning Star" device from the Nanomegas ® Company. Dislocation Burgers vectors were characterized using the standard extinction conditions (g.b = 0) as well as with the thickness fringe method (Ishida et al., 1980; Miyajima and Walte, 2009 ).
Visco-plastic self-consistent model and seismic properties
The visco-plastic self-consistent (VPSC) model has been established in Earth sciences by Wenk et al. (1991) as a model that provides a robust solution for the CPO development in mineral aggregates deforming by dislocation glide. The model was originally developed by Molinari et al. (1987) and extended to anisotropic materials by Lebensohn and Tomé (1993) and a recent review of the method is given by Tomé and Lebensohn (2004) , thus only a short overview is presented in this section. This model has been successfully applied to many minerals of the Earth's mantle (e.g. olivine, Tommasi et al., 2000; wadsleyite, Tommasi et al., 2004; stishovite, Cordier et al., 2004 ).
The VPSC model is based on three assumptions: (i) the crystals that constitute the polycrystal deform uniquely by homogeneous intracrystalline slip, (ii) individual crystals obey a viscous rheology with shear strain rate proportional to shear stress raised to a power n, and (iii) the aggregate behaviour may be calculated as a volume average of the behaviour of the individual crystals. Locally, from crystal to crystal, stress and strain are heterogeneous and crystals, in an easy glide orientation, deform faster than those in low resolved shear stress orientations. Strain compatibility and stress equilibrium are ensured at the macroscopic scale, i.e. the polycrystalline stress (˙i j ) and strain rate (E kl ) tensors are taken to be the volume average of the stress ( ij ) and of the strain rates (ε kl ) tensors of the individual component crystals. The interaction between an individual crystal and a homogeneous effective medium (HEM) (i.e. the polycrystalline aggregate) is treated using the inclusion formalism of Eshelby (1957) , where each crystal is considered as an ellipsoidal inclusion. Eshelby has shown that the ellipsoidal inclusion has the unique property of having uniform internal stress, strain and strain rate fields. The uniform stresses and strain rates of the individual crystals are thus related to the macroscopic HEM polycrystalline quantities through:
where M ijkl is the interaction tensor which depends on the rheological properties of the polycrystal and the ellipsoidal shape of the inclusions. The constant˛describes the interaction between crystals and the HEM, i.e. it imposes more or less stringent kinematics conditions on crystals. A zero value of˛corresponds to Taylor (1938) model (the upper mechanical bound approach) that imposes a homogeneous strain on all crystals (i.e. ε kl = E kl ) and requires that at least five independent slip systems are available. A value of one corresponds to the tangent VPSC model of Lebensohn and Tomé (1993) , and an infinite value corresponds to the stress equilibrium model (i.e. the lower bound approach; Chastel et al., 1993) . The VPSC and stress equilibrium models can operate with less than five independent slip systems, as locally strain compatibility is not required.
To perform a model calculation we need to define the initial CPO, the initial crystal shape, the interaction parameter˛, the power law stress exponent (n), a constant imposed velocity gradient tensor, a set of slip systems and their relative critical resolved shear stresses. Here we have taken the initial CPO to be composed of 1000 random individual orientations with spherical shape. We have chosen the standard tangent model with˛= 1 for all simulations. We have no information about the stress exponent for K-lingunite from our experiments and we have assumed a value of 3, which is typical of many minerals at high temperature. The VPSC model is not very sensitive to n, between 3 and 5, and almost all minerals have stress exponents in this range. Increasing n rises the degree of CPO for a given finite strain. In the present models, an aggregate of 1000 random orientations was deformed with a constant velocity gradient tensor for simple shear for 80 identical steps of 0.025 equivalent strain, giving a final equivalent strain of 2.0 (shear strain = 3.46). The slip systems were determined by TEM, but we do not know their critical resolved shear stresses (CRSS). Based on the dislocation microstructure, we will propose the choice of CRSS.
Results

Dislocation observations and characterization
The specimen microstructure is heterogeneous. The grain size ranges from 45 to 85 m and some are free of dislocations. Nevertheless, most of them contain dislocations generated by plastic deformation. The density of free dislocations has been estimated Table 1 Reflecting planes g and g.b product with Ishida's method.
of the order of 3 × 10 12 m −2 using the method proposed by Ham (1961) . The samples show pervasive evidence of low-angle sub-grain boundaries (Fig. 1) . In every image, the reflecting planes g and the zone axis (ZA) are indicated. Typical dislocation microstructures of the K-lingunite are shown in Figs. 2 and 3. All the images in Fig. 2 , are from the same area, but each of them was acquired with different diffracting conditions. The dislocation population of Fig. 2 is composed of two families: dislocations in sub-grain boundaries as well as free dislocations with ≈ 3 × 10 12 m −2 . Both families of dislocations are out of contrast with the diffraction vector g =11 0 (Fig. 2a) . Moreover, following the method of Ishida et al. (1980) , the value of the g.b product is n = −1 with g = 45 1 (Fig. 2b) and n = −1 with g = 03 1 (Fig. 2c) . The analyses of the number of terminating fringes with Ishida's method are summarized in Table 1 . Consequently, the Burgers vector of these dislocations is [0 01].
The dislocations visible in Fig. 3 are in contrast with g = 211, with a g.b product equal to n = −1 (Fig. 3a) , and are standing endon when viewed along [0 0 1] (Fig. 3b) . Considering other diffraction conditions, the Burgers vector of this family of dislocations is [0 0 1] and they have a screw character. Determining the glide plane of -with g =3 0 1 (see Fig. 4a ), the g.b product is n = −1 for dislocations with the low contrast (labelled B) and n = 2 for the ones with a stronger contrast (labelled A); -with g = 0 02 (see Fig. 4c ), the g.b product is n = 2 for dislocations B and n = −1 for dislocations A;
-then with g =2 0 0 (see Fig. 4b ), the g.b product is n = 1 for dislocations A and dislocations B are out of contrast. Fig. 5a shows a curved dislocation segment (circled). The number of terminating fringes suggests a g.b product n = ±2 with g = 2 51. Considering other diffraction conditions, a Burgers vector of ±1/2 [1 11] is consistent with all images obtained for this dislocation. The specimen has been tilted until this dislocation segment appears linear. This is achieved when the area is observed along the [0 0 1] zone axis. The segment appears to lie in the (1 1 0) plane (Fig. 5b) . Consequently, the slip system of the curved dislocation is 1/2 [1 11] (1 1 0). (Fig. 6b) .
Visco-plastic self-consistent modelling
In order to run the VPSC models we need to define the CRSS for each slip system. The TEM analysis has shown that slip occurs on [0 0 1]{1 0 0}, the majority of the dislocations are [0 0 1] screw dislocations and these could potentially also slip on {1 1 0} and indeed on all {h k 0}. However, the TEM analysis did not unambiguously identify {1 1 0} as active slip planes or effectively eliminates them either. As [0 0 1]{1 0 0} dislocations had a high density we have assigned this slip system a low relative CRSS of one. The [0 0 1]{1 0 0} system has probably a CRSS similar to [0 0 1]{1 1 0}, we have used a CRSS of one, but also of six to see how the activity of this system affects the CPO. A third slip system is observed, 1/2 1 1 1 {1 1 0}, with a lower dislocation density. Without mechanical data, we have assigned a series of CRSS to this slip system between 1 and 6, assuming that it is less frequent because the shear stresses were only high enough to weakly activate the system. Four CRSS models were explored; all had the CRSS for [0 0 1]{1 0 0} equal to one, but the values for [0 0 1]{1 1 0} and 1 1 1 {1 1 0} where either one or six. The results in Fig. 7 show for the four CRSS models that the pole figures reveal very little change in the overall distribution and only slight variations of pole figure densities.
The slip activity associated for the two CRSS models are shown in Fig. 8 . The [0 0 1]{1 0 0} has a high activity (0.4-0.8) in all models. The 1/2 1 1 1 {1 1 0} slip system has moderate (0.3-0.2) activities in all models even when the CRSS equals six. The [0 0 1]{1 1 0} system has a bi-polar behaviour, if the CRSS equals one it has the same activity as [0 0 1]{1 0 0}, if the CRSS equals six, it has virtually zero activity.
Seismic properties
The high-pressure K-lingunite phase represents between 20 and 30% by volume of subducted and transformed argillaceous sediments. The anisotropic seismic properties at mantle pressures can be calculated using the CPO of K-lingunite, presented in Fig. 9 , and the single crystal elastic constants and pressure derivatives recently predicted, using first-principles by Mookherjee and Steinle-Neumann (2009) . The seismic properties were calculated using the numerical methods described by Mainprice (1990 Mainprice ( , 2007 . The properties were calculated at a pressure of 17 GPa, the pressure of the deformation experiments, which is approximately equivalent to a depth of 500 km. At present, no temperature derivatives are available for the elastic constants. In Fig. 9 , the seismic properties are illustrated using:
-the P-wave velocity (Vp) in km/s; -anisotropy of the difference in velocity between the fastest and slowest shear wave (shear wave splitting), for a given propagation direction and (AVs) as percentage; -and the polarization of the fastest shear wave. (1 0 0), (0 1 0), (1 1 0) and (11 0) glide planes are represented.
The main features of the seismic anisotropy are a fast Vp velocity of 11.7 km/s parallel to X and slow Vp velocity of 10.3 km/s parallel to Z. The shear wave splitting is high in a broad region near the Ydirection, normal to X and Z and low near X. The Vp anisotropy is 12.8%, the AVs anisotropies are 15.1% for the CRSS model with all CRSS equal to one, the other models give nearly the same results. The orientation of fastest S-wave polarization is parallel to the XY plane. (Fig. 10) .
Discussion
Slip systems and deformation mechanisms
We have also observed ±1/2 [1 1 1] dislocations aligned along a (1 0 0) plane. Since this plane does not contain the Burgers vector, it must be considered as a climb plane. This is not the only evidence for climb since we have observed many sub-grain boundaries in several grains (some well-organized, some less). As already pointed out in previous studies (Cordier and Rubie, 2001; Thurel and Cordier, 2003) , this kind of experiments, where specimens are compressed in a non-hydrostatic environment, correspond to high stresses at the beginning of the heating, which are then relaxed. After a given (unknown) time, the stress level becomes probably very low and recovery processes are enhanced. The large number of sub-grain boundaries observed is thus not surprising. However, sub-grain formation requires climb (also shown independently with 1/2 1 1 1 dislocations) and hence diffusion. Our observations are thus an indication that diffusion is active in K-lingunite at 1300 • C.
Modelling CPO of K-lingunite aggregates and seismic properties
The VPSC models used the slip systems identified by TEM, namely [0 0 1] glide (in {1 0 0} and possibly in {1 1 0}) and 1/2 1 1 1 {1 1 0}. The dislocation density of [0 0 1] was higher and was dominated by dislocations of the screw character, which could result in "pencil" glide or cross-slip type behaviour on planes in the zone axis of the slip direction [0 0 1]. We assigned to this slip system the lowest CRSS of one. Simulations with all the four CRSS show that the CPO has the slip direction [0 0 1] parallel to the finite strain extension X-direction, and the pole to (1 0 0) plane parallel to the finite strain shorting Z-axis. In contrast, the 1 1 1 direction and the pole to plane {1 1 0} are oblique to Y and Z respectively. The pole figures suggest a dominant activity of [0 0 1] glide, which is confirmed by the slip system activity plots. The increase in the CRSS from one to six reduces the activity of the system 1/2 1 1 1 {1 1 0} to about 20%, whereas the same increase for [0 0 1]{1 1 0} reduces its activity to nearly zero. Reducing the activity of these glide systems is compensated by an increasing activity of [0 0 1]{1 0 0}. Pole figure densities and symmetries are virtually unaffected by these activity changes because slip in [0 0 1] direction is always dominant, either on the {1 0 0} plane or a combination of {1 0 0} and {1 1 0} planes, which will produce pencil-like glide configuration because of tetragonal symmetry of K-lingunite.
The seismic anisotropy calculated from the CPO for all CRSS models are also very similar, with: -fast Vp parallel to X; -the highest shear wave splitting anisotropy parallel to Y; -and the fastest S-wave polarization parallel to the XY plane, plane of finite strain shortening normal to Z.
At depth of 500 km in the lower part of the transition zone, slabs are often nearly horizontal (e.g. Fukao et al., 2001; Ritsema et al., 2004; Zhao, 2004) , and are very common in the circum-Pacific region. In such an idealized case, the horizontal propagation direction along X will have a high P-wave velocity and a low S-wave splitting, which would correspond to the down dip direction if the plate is slightly dipping. In contrast, the horizontal propagation direction along Y will have a moderate P-wave velocity and a high S-wave splitting with a polarization of the fastest S-wave being parallel to the horizontal plate (XY) plane. If the plate has slightly dipped, then the polarization would also have a slight inclination in relation to the horizontal. The Y-direction would correspond to the transverse direction of the plate, normal to the dip or to the subduction downward transport direction. These results can be compared with the results for stishovite VPSC models reported by Cordier et al. (2004) that we have recalculated at 17 GPa. These results show an almost identical orientation of the seismic pattern:
-high Vp parallel to X; -high shear wave splitting parallel to Y; -and the polarization of the fastest S-wave in the XY plane (Fig. 9 ).
The anisotropy of Vp and Vs are 13.3% and 7.1% respectively in stishovite. These data can be compared with 12.8% and 15.1% for K-lingunite. Stishovite has a volume fraction of 25% at the transition zone depth ranges. Clearly, the anisotropy of K-lingunite and stishovite would constructively combine giving an effective volume fraction of about 50% of the transformed sediments. The other phases present are majorite (30%), clinopyroxene (5%) and CaAlSi-phase (15%) (Irifune et al., 1994) . Of these phases, only majorite is volumetrically important. The pure Mg end-member majorite of the majorite-pyrope garnet solid solution has tetragonal symmetry and is relatively weakly anisotropic with 1.8% for Vp and 9.1% for Vs (Pacalo and Weidner, 1997; Sinogeikin and Bass, 2002a,b) . Naturally deformed garnets do not have strong CPOs in eclogites . Nothing is known about majorite CPO, but they are probably similar to the weak CPO of garnets and hence polycrystalline majorite will have isotropic seismic properties. It seems likely that the anisotropic seismic properties of subducted and transformed sediments will be dominated by the combined 50% volume fraction of anisotropic K-lingunite and stishovite.
Global studies of radial seismic anisotropy of the deep mantle have shown that in the transition zone (400-700 km depth), regions of subducted slab material are associated with Vsv > Vsh (e.g. Panning and Romanowicz, 2006; Visser et al., 2008) . These global studies would probably not detect the anisotropy associated with a thin veneer of transformed sediments on the slab upper surface. If the anisotropy combined of the K-lingunite and stishovite contributes to the observation of the Vsv > Vsh signal, then the slab would have an inclination of 45 • or more. This aspect seems unlikely for regions with horizontal slabs in the transition zone. However, regional studies of horizontal propagation paths in the mid mantle show that the fastest S-waves are polarized horizontally (Vsh > Vsv) (e.g. Chen and Brudzinski, 2003; Wookey et al., 2002; Wookey and Kendall, 2004) . In this case the anisotropy of Klingunite and stishovite could contribute to this signal, especially if the transformed sediment acted as a wave-guide.
Conclusion
The plastic deformation mechanisms of K-lingunite are strongly controlled by the plate-shaped crystal structure. The very anisometric tetragonal unit cell strongly favours [0 0 1] slip. Most of the dislocations are [0 0 1] screws, which makes the determination of glide planes difficult. A secondary slip in 1/2 1 1 1 {1 1 0} has also been characterized with a low occurrence rate. Using the observed glide systems and VPSC model, the CPO of K-lingunite aggregates has been obtained. The texture of polycrystalline Klingunite shows that the slip direction [0 0 1] is parallel to the slab strain X-direction and the pole to (1 0 0) plane is parallel to the slab strain Z axis. On the contrary, the 1 1 1 direction and the pole to {1 1 0} plane are tilted from the Y and the Z slab axes respectively. The seismic properties of K-lingunite aggregates at 17 GPa were calculated according to these CPO and to the single crystal elasticity tensor. Considering that the subducted slab is only composed of K-lingunite, then:
The P-waves are faster in parallel with the finite expending Xdirection (maximal Vp = 11.7 km/s) and are slower in parallel with the finite shorting Z-direction (minimal Vp = 10.3 km/s);
The S-wave anisotropy is characterized by a high shear wave splitting (15.1%) in the finite flattening (XY) plane in the Y-direction. The fastest S-waves have their polarization directions in the XY plane.
Actually, K-lingunite is 25% by volume of the subducted and transformed argillaceous sediments. The other phases present are stishovite (25%), majorite (30%), CaAlSi-phase (15%) and clinopyroxene (5%). It is expected that majorite has a weak CPO and a weak crystal anisotropy. The seismic anisotropy of the CaAlSi-phase and clinopyroxene phases can be neglected due to their small proportion. Only stishovite is likely to have a strong CPO and a strong single crystal anisotropy. Indeed, stishovite has roughly the same polycrystalline seismic anisotropy pattern than the K-lingunite one, which would combine constructively. Even if the transformed sediments correspond to a thin crustal layer of a thickness of few kilometres, they could act as an anisotropic wave-guide for seismic waves propagating through the slab surface. At a 500 km depth, corresponding to the 17 GPa of the experiments, slabs are often horizontal; hence horizontally propagating seismic waves could sample the transformed sediment anisotropy over long distances.
